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Introduction
Nitric oxide (NO) is a free-radical gas involved in diverse biological processes, such as apoptosis, neurotransmission, blood pressure control and innate immunity [1] . Of critical importance to NO function is its steady-state concentration in tissues, with biologically relevant concentrations ranging over three orders-of-magnitude. On the basis of literature estimates, Thomas et al. proposed concentration categories for NO function, ranging from cGMP-mediated signaling processes at ~1-30 nM, modulation of kinase and transcription factor activity at ~30-400 nM (e.g., Akt, HIF-1α, p53) and pathological nitrosative and oxidative stresses above ~500 nM [2] . The balance between low and high concentrations may thus dictate cell decision-making processes such as survival and proliferation as opposed to growth arrest and cell death. While the functions of NO are controlled in part by the rate of generation by NO synthases, numerous chemical reactions affect its concentration by consuming NO, such as reactions with superoxide ( ) to form peroxynitrite (ONOO − ), and with molecular oxygen to form the oxidizing and S-nitrosating nitrogen dioxide radical (NO 2 • ) and the S-and N-nitrosating species, nitrous anhydride (N 2 O 3 ). Glutathione and other cellular reductants and electrophiles further intervene in reactions with these NO derivatives (e.g., ref. [3] ). Activated macrophages are the major source of pathologically high levels of NO [4] , producing local steady-state concentrations approaching 1 μM [5] . Simultaneous generation of leads to ONOO − , while reactions of NO with O 2 yield N 2 O 3 and NO 2 • . These reactive species damage all types of cellular biomolecules and thus contribute to the mechanistic link between inflammation and cancer [5, 6] .
Evidence for the concentration-dependence of NO function highlights the need for delivery of predictable and biologically relevant steady-state levels of NO and O 2 in vitro to mimic the biological environment. NO can be introduced into a solution by several methods. One approach to NO delivery in vitro involves the use of "NONOates" that release NO with predictable kinetics to provide transient, non-uniform levels that must be averaged over time to define exposure [7] . Garthwaite and coworkers were able to obtain constant steady-state levels of NO over several minutes by balancing NO release from a NONOate with consumption by a scavenger [8] . The difficulty of controlling the steady-state concentration of NO with NONOates over longer periods of exposure [7, 9] is compounded by the unknown effects of the chemical species generated upon release of NO [7] , the generation of nitroxyl [10] , and the fact that different NO-donor compounds with different half-lives must be used to span a range of exposure times [11] . Alternative methods of NO delivery include addition of aliquots of NO-saturated aqueous solutions, which produce local NO "hotspots" [12] , and co-culture of NO-producing macrophages with target cells, which involves poor control of NO levels and complicates interpretation of results with multiple cell lines [13, 14] .
Over the past decade, we have developed NO delivery systems for controlled steady-state concentrations of NO (0.1-1 μM) and O 2 (50-200 μM) to mimic biological environments such as inflammation [15, 16] . The best characterized and most widely applicable of the systems employs NO-and O 2 -permeable polydimethylsiloxane (Silastic) tubing to deliver the gases at constant and predictable levels. Mass transfer models were developed to calculate the concentrations of NO and O 2 in the bulk liquid, given any combination of tubing length and gas feed composition [16] , as well as rates of gas consumption by cells [17] . The device was designed primarily for cultured cells and was used to elucidate threshold effects in NO-induced toxicity and mutagenicity in human cells [17, 18] . However, the mass transfer model was validated only for NO and O 2 delivery in phosphate buffers and was not tested with the more complex case of cell culture media, components of which could consume NO, such as riboflavin-generated superoxide that may react with NO [19, 20] . Although partial oxidation of NO within the permeable Silastic tubing motivated the development of a Teflon-membrane delivery apparatus for chemical kinetic experiments [21] , the Silastic tubing system has proven utility for long-term cell culture studies [16, 22] .
Here we describe the fabrication of the NO/O 2 delivery system from commercially available components, and the operation and calibration of the system. We then describe an application of the system for delivery of NO and O 2 into cell culture media, with a comparison of experimental results with a mass transfer model that predicts the steady-state levels of various NO-derived reactive species. We also determined that photo-sensitive reactions taking place in cell culture media, such as riboflavin-derived synthesis, do not affect steady-state NO or O 2 levels. Finally, we illustrate use of the delivery system with different cell types and explore the range of cumulative NO-dosing and its effect on cell survival. This system provides critical control of NO delivery for in vitro models of NO biology and chemistry and offers great potential for exploring reactions between nitrogen oxides and biomolecules or cellular components.
Materials and methods

Fabrication of the delivery system
The NO/O 2 delivery system consists of three major components: a vessel for exposing cells (the delivery apparatus), a system for delivering NO and O 2 to the exposure vessel (the peripheral tubing system) and accessories for temperature control and stirring. As shown in Figure 1 , the delivery apparatus is comprised of a Teflon screw-capped jar with a lid fitted with luer adapters for connecting external gas tubing to the internal Silastic tubing for diffusion of gases into solution, as described previously [16] . The lid can also be modified with ports for probes to monitor solution levels of NO and O 2 (Supplementary Figure S1 ). An alternative configuration was conceived for exposure of adherent cells (Supplementary Figure S2 ). Gases are delivered at controlled flow rates by the peripheral tubing system (Supplementary Figure S3 ), which consists of gas tanks, tubing and flow controllers to deliver two gas mixtures to the delivery apparatus: NO in argon (pure argon for controls) and O 2 in a mixture of N 2 and CO 2 . Supplementary Tables S1 and S2 contain a complete parts list required to fabricate the system (assembly procedure described in Supplementary Text S1). Temperature control is achieved by immersing the vessel in a water bath mounted on a magnetic stirrer (set at 100 rpm). To avoid operator exposure to NO gas, the system must be operated in a fume hood (Supplementary Figure S4 and Text S3). Gas leak alarms can be installed in the vicinity to minimize the potential for accidental exposure (available online: http://www.certifiedairsafety.com/bw-technologies-gas-detectors-honewellgasalertmax-gaslaertmicro5/bw-technologies-by-honeywell-gasalert-extreme).
Dissolved NO and O 2 measurement in the apparatus
Levels of NO and O 2 in the bulk liquid were measured using a modified apparatus where a stainless steel fitting (Swagelok; Supplementary Table S2 ) was threaded through a drilled hole centered on the device's cap to firmly suspend a dissolved O 2 meter Orion 810 A-plus (Thermo Electron). A female luer bulkhead fitting (Cole-Parmer) with its barbed hose filed away and its inner diameter increased to ~4 mm was threaded in a different hole drilled in the cap (Supplementary Figure S1 ); appropriately sized rubber gaskets (McMaster-Carr) were placed between the fittings and the cap to seal the connections. The 4 mm margin was large enough to allow insertion of the 2 mm ISO-NOP Nitric Oxide probe (World Precision Instruments, Inc.) without disturbing its tip membrane. A rubber gasket that when fitted on the probe exceeded a 4 mm diameter was used to securely immobilize it on the filed luer adapter. To minimize the risk of touching the membrane and destabilizing the signal, the NO electrode remained semi-permanently attached; the O 2 probe on the other hand was robust enough to be inserted anew before each exposure. After sealing the container, the tips from both electrodes were immersed in the liquid and protected from any movement or contact with the stirring bar.
Calibration of NO and O 2 probes
Both NO and O 2 probes were pre-calibrated daily before use. NO electrode calibration involved immersing the tip of the probe in 0.1 M potassium iodide and 0.1 M sulfuric acid while known amounts of a potassium nitrite standard solution were added to the solution, generating an equimolar amount of NO [23] . Linear calibration curves were obtained over the range of 0-2 μM at both 23 and 37 °C. The calibration procedure for the O 2 electrode entailed water-saturated air according to the manufacturer's instructions; the probe operated in a range of concentrations of dissolved O 2 between 100 and 300 μM.
Exposure of water, RPMI-1640 and DMEM to NO and O 2
Two loops of Silastic tubing (Dow Corning; Supplementary Table S2 ) were attached to the female barbed hose luer fittings fixed on the modified apparatus ( Figure 1C ), one for NO and the other for O 2 (corresponding lengths in Table 1 ). After pre-calibration, both electrodes were attached and the apparatus was filled with ~115-120 mL of either deionized water, RPMI-1640 or DMEM cell medium (BioWhittaker -Lonza). The device was sealed and placed in the water bath at 23 or 37 (± 1) °C. Simultaneous initiation of gas flows followed (procedure described in Supplementary Text S2), employing a 10% NO in argon mixture and a 50% O 2 :45% N 2 :5% CO 2 mixture (Airgas). Exposures lasted for 40-50 min and experiments were repeated at least 3 times.
Nitrite measurements
For exposures involving pure water, nitrite (NO 2 − ) concentration was monitored by UV absorbance at 210 nm (ε = 5200 M −1 cm −1 ) [24] in 100 μL samples withdrawn from the device at regular intervals.
NO aqueous oxidation reaction scheme and mass transfer model
In aqueous media at physiological pH, NO reacts with oxygen giving rise to the stable end product nitrite (NO 2 − 2 ), as illustrated by the following reactions:
(1)
When NO is the only nitrogen oxide added to the system, intermediates NO 2 and N 2 O 3 are present only in trace quantities [25] , justifying pseudo-steady state approximations for their concentrations, while the rate-limiting step is Equation (1) . In that case, Equations (1), (2) and (3) can simply be combined into the overall reaction: (4) Employing those approximations to eliminate the concentrations (C j ) of the intermediate species as independent variables from the volumetric rate of formation (R j ) for species j = NO, O 2 and NO 2 − gives, according to Equation (4):
The mass balance equations for NO, O 2 and NO 2 − , the dominant species during a typical exposure, are given by the following differential equations, with the bulk solution in the delivery device being the control volume [16] :
where C j is the time dependent concentration for species j, A NO and A O 2 are the outer surface areas of the cylindrical tubing loops through which NO and O 2 are supplied, V is the total liquid volume filling the device, k 1 is the rate constant from equation (4), αj is the aqueous solubility for gas j, is the liquid phase mass transfer coefficient for gas j inside the tubing supplying gas i, is the partial pressure of gas j within the tubing loop supplying gas i, and q is the extraneous flux of , a pseudo-heterogeneous reaction taking place in a micron thick layer next to the outer surface of the NO-supplying tubing loop (thought to be caused by intramembrane oxidation of NO to NO 2 , with essentially all the produced NO 2 converted to N 2 O 3 and subsequently to NO 2 − at the interface [16] ). The first two terms in the right hand side of Equations (a) and (b) represent mass transfer of the species in and out of the gas flows through the two tubing loops, whereas the third terms describe the net volumetric rates (consumption) of the dissolved gases in the bulk volume. The first term on the right hand side of Equation (c) represents the extra NO 2 − source term added to the mass transfer model to account for the experimentally observed higher rate of NO 2 − appearance during exposures, and the second term shows the rate of NO 2 − formation from the reaction taking place in the bulk volume.
The system of equations can be simplified taking into account the following observations:
• cross contamination of NO from O 2 , and vice versa, inside tubing loops can safely be assumed to be negligible, so
• NO loss through the tubing loop that supplies O 2 , represented in Equation (a), is insignificant, since the term was shown to always be much smaller compared to the term and thus can be ignored altogether, eliminating the need to input a value for the mass transfer coefficient in Equation (a) [16] .
Using the mass transfer coefficients and physicochemical parameters displayed in Table 2 , the dimensions of the delivery apparatus (filled with approximately 115 mL of fluid) and Silastic tubing loops (0.196 cm outer diameter), as well as experimentally determined pressure inside the tubing based on the given flow rates (~1.0 atm; ref. [16] ) and initial values for the species concentrations at the beginning of each exposure (O 2 is the only species with non-zero initial concentration), the differential equations of the mass transfer model can be solved numerically to predict the time course of NO, O 2 and NO 2 − concentrations within the device employing MATLAB 7.11 (MathWorks, Natick, MA).
Because of previous work that has shown strong effects of O 2 on the NO-related mass transfer coefficients and the conditions under which those values were estimated [16] , it is important to use the model in cases where solutions and suspensions will be at nearly airsaturated levels to maximize the model's accuracy on predicting concentration profiles. To illustrate, Table 3 provides combinations of different tubing lengths and NO gas composition and the resulting calculated steady-state NO and O 2 levels expected to occur in the device during simulated exposures using water or buffers. As noted below, the model can also be used to validate and benchmark the operation of the system based on electrode measurements of NO and O 2 .
Exposing cell cultures in the device
TK6 human lymphoblastoid cells [26, 27] were obtained from ATCC, NH32 (an isogenic derivative of TK6; ref. [28] ) and HCT116 human colon carcinoma cells [29, 30] were provided by C. C. Harris (National Cancer Institute). TK6 and NH32 cells were kept in exponentially growing suspension cultures in RPMI-1640 medium supplemented with 10% heat-inactivated donor calf serum and HCT116 cells in McCoy's 5A medium supplemented with 10% heat-inactivated donor horse serum, at 37 °C in a humidified 5% CO 2 atmosphere; 100 units/mL penicillin, 100 μM/mL streptomycin and 2 mM L-glutamine were also added in both types of media. Cell suspensions were transferred at a density of 5 × 10 5 cells/mL in 115 mL of supplemented RPMI-1640 medium to sterile delivery devices (autoclaved at 120°C for 20 min, with Silastic tubing loops of appropriate length already attached) immediately prior to treatment. Adherent cells were plated in 60 mm dishes (10 6 cells per dish) 24 h prior to exposure, existing medium was aspirated immediately before the exposure, and dishes were positioned at the bottom of autoclaved delivery devices (Supplementary Figure S2) . The inner and outer surfaces of the dishes carrying the HCT116 cells needed to be sterile before insertion into the device, so handling was performed at all times with disinfected forceps within larger (150-mm) sterile dishes. Cell-carrying dishes without their caps were anchored for stability (using a small sterilized wedge made of Tygon tubing) to the bottom of the devices, and 110 mL of fresh supplemented McCoy's 5A medium were gently added immediately before the exposure begun. Tubing loops of suitable lengths and gas tanks of appropriate compositions were selected so that a steady state NO concentration of 0.6 μM was achieved in the case of cell suspensions and 1.8 μM in the case of adherent cells, with liquid O 2 levels maintained near air saturation. The total NO dose delivered was dictated by the exposure time and was quantified in units of μM min. Parallel exposures using Argon (instead of NO) were used as negative controls in all experiments. After the exposure, cell suspensions were collected by centrifugation and resuspended in fresh supplemented RPMI-1640 medium, whereas fresh supplemented McCoy's 5A medium was added to adherent cells cultures after being washed once with phosphate buffered saline. Subsequently, all cultures remained at 37 °C in a humidified 5% CO 2 atmosphere until further processing.
Cell viability analysis
TK6 and NH32 cell viability was determined 48 h after NO/O 2 treatment in the delivery device, whereas HCT116 cell viability was determined 24 h post exposure using the MTT assay (Roche Diagnostics, Indianapolis, IN) and following the manufacturer's instructions. Per cent survival was expressed relative to Argon-exposed negative controls at each treatment dose.
Results
Validation of NO and O 2 delivery in water
The basic operation of the system is illustrated with the simple scenario of NO and O 2 delivery into water in the absence of other chemical species that could react with NO or its derivatives. A modified delivery apparatus with NO and O 2 electrodes inserted through the vessel lid (Supplementary Figure S1 ) was used to measure dissolved gases in airequilibrated de-ionized water. This allowed validation of the mass transfer model predictions of NO and O 2 steady-state levels achieved using the Silastic tubing of lengths, gas composition and gas flow conditions shown in Table 1 . Measured levels of NO and O 2 in water agree well with model predictions at both 23 and 37 °C ( Figure 2) , with measured steady-state levels of 1.2 and 1.7 μM for NO and 240 and 210 μM for O 2 , respectively.
The device can also be used to deliver predictable, well-controlled concentrations of NOderived secondary species such as NO 2
• and N 2 O 3 . Though these species are too reactive to be measured directly, their mutual degradation product, NO 2 − , can be easily and accurately quantified [31] . Formation of NO 2 − in the system operating with water deviated from the model's prediction by a factor of 1.6-2 (Figure 3) , with correction for the model's extra NO 2 − source q, ranging from 11 to 11.5 μmol m −2 s −1 , providing a good fit of the data. (The origin of this extra NO 2 − is discussed later.) This demonstrates the empirical nature of the mass transfer model and the need to calibrate the delivery system to account for batch-tobatch variations in Silastic tubing, which is important since there is a significant conversion of NO to NO 2 • within the tubing wall [22] . Table 4 summarizes optimized parameters for the model, estimated by minimizing sums of squared differences between measured and predicted concentrations of NO, O 2 and NO 2 − at all time points (relative errors of concentration difference divided by measured concentration were used). Besides the q values, the updated estimates of the mass transfer coefficients were in agreement with those previously reported (Table 2 ) [16] .
The formation of NO 2 − demonstrates an important factor in the operation of the delivery system. NO 2 − generation is coupled with an equimolar accumulation of H + , which necessitates the use of buffers to maintain a uniform pH within the device. For example, we observed that a solution of 50 mM phosphate buffer sustains a pH of 7.4 for over 12 h under the conditions defined in Figure 3 (NO 2 − accumulation at 160 μM hour −1 ), with accurate simulation of NO and O 2 levels by the mass transfer model [16, 22] . Note that nitrate (NO 3 − ) formation was not detected in previous studies [16] and was thus not measured here. The fact that model parameters describe levels of NO and O 2 equally well in water and phosphate buffers indicates that the presence of salts does not significantly affect delivery of NO or O 2 in the device.
NO and O 2 delivery in cell culture media
NO and O 2 delivery into cell culture systems presents a more complex scenario, with cell culture media typically containing nutrients and salts that could react with NO and its derivatives. For example, riboflavin in many media preparations has been shown to cause photo-induced generation of under standard lighting conditions [19, 20] . The rapid reaction of and NO to form ONOO − could thus act as a "sink" for NO and potentially interfere with the predicted steady-state NO concentrations in the device. We assessed this problem with two commonly used mammalian cell culture media: RPMI-1640 and Dulbecco's modified Eagle's medium (DMEM). The apparatus was filled with medium and delivery was initiated with the operational parameters used for water ( Table 1) . As shown in Figure 4A , the resulting concentration profiles for NO and O 2 in RPMI-1640 at both 23 and 37 °C were in good agreement with predictions from the mass transfer model. To assess the effects of riboflavin and ambient light on NO levels, the steady-state NO concentration was allowed to plateau in RPMI-1640 medium, at which point ambient lights were turned off (arrow in Figure 4A ) to place the delivery device in complete darkness. As shown in Figure  4A , NO levels were identical in the presence or absence of ambient light, which ruled out substantial production of that would interfere with steady-state NO levels in RPMI-1640. Identical results were obtained with DMEM ( Figure 4B ), which contains twice the concentration of riboflavin as RPMI-1640 (1 vs. 0.5 μM, respectively). Consistent with the conclusion that the agreement observed between experimental measurements and modelgenerated curves is medium-independent, we observed that supplementation of RPMI medium with 10% heat-inactivated donor horse serum, 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine also did not have an effect on the measured levels of NO at 37 °C, within the limits of accuracy of the electrodes (Supplementary Figure S5 ). It should be noted here that the vessel, connectors and Silastic tubing can be sterilized by autoclaving for work with cell cultures over prolonged periods, with minimal effect on performance. However, the system should be validated at least once following autoclaving to ensure that unique local conditions do not affect the NO and O 2 delivery parameters.
Exposure of cell cultures to NO and O 2
The full potential of the NO/O 2 delivery device is realized with exposure of cultured cells. As described above, the mass transfer model was used to determine exposure parameters (Silastic tubing lengths, gas composition) and calculate the steady-state gas levels before the device was used to generate the survival curves shown in Figure 5 . Cultures of human lymphoblastoid TK6 cells and the p53-deficient derivative NH32 cells were then exposed to calculated levels of 0.64 μM NO and ~200 μM O 2 for up to 24 h, resulting in a cumulative total NO dose of 920 μM min and a dose-dependent pattern of cell death. Also evident in Figure 5 , NH32 cells were relatively more resistant to NO toxicity than TK6 cells, with an apparent threshold for NO-induced cytotoxicity at ~300 μM min versus 150 μM min for TK6 cells. Interestingly, when either cell type was exposed to doses lower than its respective threshold, no significant cell death occurred [18] . The HCT116 adherent colon tumor cell line proved to be even more resistant to NO-induced cytotoxicity ( Figure 5) , with a threshold of ~1,000 μM min. That different killing curves were derived from widely used cell lines demonstrates the utility of the delivery device for studying mechanisms of NO function and toxicity. Exposure of control cell cultures to argon/O 2 had little or no effect on cell proliferation, which indicates minimal effects of turbulence caused by stirring in the reactor.
DISCUSSION
There is an emerging recognition of the critical role of steady-state concentration in the biological function of NO and the enormous range of NO concentrations that distinguish physiological from pathological activity. However, most current NO delivery systems do not provide precise, accurate or long-term control of NO concentration [7, 9] . Recent studies have led to interesting results, for example, on the response of an array of proteins to stratified levels of NO, with conclusions concerning anti-or pro-growth pathways related to the tumor microenvironment [11, 32, 33] . However, the means of NO delivery and estimation of total NO dosage in those studies do not avoid the common caveats that accompany the use of NO-donor compounds. Further, typical extant NO delivery systems rely on the relatively hyperoxic conditions in aqueous solutions exposed to ambient air. We have overcome these limitations with a system to deliver well-controlled and biologically relevant steady-state concentrations of NO and O 2 to biomolecules and cells. The fact that O 2 is delivered separately from NO resolves the issue of depletion of the former through cellular respiration or its reaction with the latter, a technicality that affected previous attempts to develop a similar delivery system [25, 34] . We have presented here a detailed step-by-step assembly and operation guide for the NO/O 2 delivery system, along with the means to validate the system. This provides the inexperienced user with sufficient information to fabricate the device from commercially available components, install it in a typical laboratory setting, and operate it safely and effectively. The system has broad utility in all types of in vitro studies of NO biology and chemistry, ranging from small molecule damage to exposures of suspension and mono-layer cell cultures to NO and its derivatives.
Based on our results, the mathematical model of mass transfer allows for accurate predictions of the NO and O 2 levels in both simple aqueous solutions and in cell media. By keeping steady operational parameters, such as gas flow-rates, stirring speed and temperature, and by varying NO composition (1%, 10% or 99% NO) and Silastic tubing loop length, the model computes the time-dependent NO, O 2 and NO 2 − concentrations in the apparatus, provided that an experimental estimate of the initial O 2 concentration (before gas diffusion begins) is available. This can greatly facilitate experimental design, since changes in the configuration of the delivery apparatus (e.g., NO gas composition, tubing length) can be translated into predictable levels of NO, even before the actual gas delivery takes place. Further, the model allows fine-tuning of NO delivery by varying the lengths of the gas diffusion tubing. The mass transfer model is readily modified to account for a variety of applications of the delivery device. For example, the initial formulation of the model assumed that cellular consumption of NO and O 2 would be negligible. Thus, all the predictions apply to cell-free culture media (or solutions) as was the case with some of the exposures presented here. However, recent studies revealed measurable rates of NO and O 2 consumption by several cell lines [17, 20, 35] . This allows a variation of the initial model in which the mass balance equation for each gas (differential equations delineating the net rate of change of NO and O 2 liquid concentrations, described in Section 2.6) includes an additional term representing the net specific cellular consumption rate for each gas multiplied by the cell density [17] . For instance, NO and O 2 consumption rates for TK6 cells (37 °C) were found to be 0.05 and 0.77 nmol min −1 (10 6 cells) −1 , respectively, in a typical cell density of 5 × 10 5 cells mL −1 (e.g., ref. [18] ). By incorporating these new conditions into the model, we can predict changes in NO and O 2 concentrations caused by the cells (Supplementary Figure S6) . Due to the order-of-magnitude difference in consumption rates, we observe a much less pronounced effect on NO concentration compared to O 2 levels, when computation extends from cell-free solutions to cell cultures. Consumption rates are available for a variety of cell lines, so employing accurate estimates of those terms in the model increases its predictive power. These kinds of customizations are relatively straightforward and add to the precision and accuracy of NO and O 2 delivery provided by the system. The presence of nutrients in cell culture media such as salts, vitamins, amino acids, sugars, and glutathione did not measurably affect the diffusion of NO and O 2 through the Silastic membrane or their consumption in solution, with similar performance when gases were delivered in water. The lack of any molecular "sinks" for NO under normal lighting conditions or in a dark environment, even with serum-supplemented media, reinforces the expectation that the device will operate as predicted by the mass transfer model during treatments of cell cultures. The lack of any apparent NO consumption when lights are activated in the vicinity of the device comes in contrast to previous studies [19, 20] that attributed such trends to generation of presumed to originate from light-activated riboflavin in cell media. Although Keynes and coworkers did not describe their vessel characteristics in sufficient detail, Nalwaya and Deen used what was essentially a modified transparent polystyrene 60 mm culture dish to monitor reactions in media. On the other hand, the current delivery system is a semi-translucent 4 mm-thick Teflon container that may filter out wavelengths of laboratory light that could potentially excite riboflavin. Alternatively, formation inside the delivery device under the conditions describing the exposures may be smaller than the sensitivity of the probe that was used to measure NO levels.
The confidence that the mass transfer model gives in terms of steady delivery of NO and O 2 motivated a series of experiments to explore cellular responses to NO exposure [17, 18, 36, 37] . Those studies revealed the existence of NO toxicity thresholds (sub-lethal vs. lethal) as well as repercussions in a diverse range of endpoints such as glutathione depletion, DNA damage, and cell growth arrest. This characteristic pattern of dose-dependent survival is likely to be true for all types of cells, offering opportunities for the device to be employed to monitor molecular damage and killing caused by NO, and to systematically study how sub-threshold NO affects cellular components and signaling pathways without simultaneously causing apoptosis or disturbing their growth cycle. The NO/O 2 delivery device is a versatile vessel that can accommodate cell cultures without itself affecting their survival. It is able to provide the gases of interest in a controllable and "clean" fashion, avoiding secondary effects that other delivery methods may cause.
A microscopic model developed to complement the general mass transfer model predicts that the apparatus has a 1 μm thick boundary layer adjacent to the NO tubing loop where the concentrations of oxidation intermediates NO 2 • and N 2 O 3 greatly exceed those in the bulk liquid [22] . This "hot spot" appears to result from intramembrane oxidation of NO to NO 2 • . The almost complete conversion of NO 2 • to N 2 O 3 very close to the tubing surface explains the unexpectedly high rate of N 2 O 3 -derived NO 2 − formation. Most molecules are small enough to enter the boundary layer and be exposed to high concentrations of NO 2 • and N 2 O 3 , which complicates the analysis when values of those concentrations are required for studies of chemical kinetics. An approach to estimate "hot spot" contributions to the total concentration compares reaction rates of target analytes to rates of another substrate with a known rate constant (e.g., morpholine nitrosation) [22, 34, 38] . However, the uncertainties introduced by this methodology motivated the development of a variation of the system in which NO is delivered through a porous Teflon membrane, instead of a Silastic tubing loop. Another modification is that the NO gas stream is fed through stainless steel (instead of Teflon) tubes, excluding any possible contamination by O 2 before oxidation takes place in the vessel [21] . The new design avoids adventitious NO 2 − formation, so it is thought to eradicate the "hot spot" phenomenon. However, because the "hot spot" should not affect cells (10-20 mm diameter) due to their inability to enter the micron-thin boundary layer [22, 39] , and the Silastic-based apparatus is easier to fabricate and sterilize than the Teflonbased one, the Silastic apparatus remains the more attractive option for exposing cells.
As mentioned above, the extraneous NO 2 − formation was postulated to be caused by intramembrane oxidation of NO to NO 2 • . Previous work has reported a rate constant (4.4 × 10 5 M −2 s −1 ) [16] for this conversion occurring within the Silastic tubing loop which was correlated to the rate at which NO 2 − is formed in the bulk volume. Our results show a 1.6-to 2-fold increase in NO 2 − accumulation during exposures to de-ionized water and a much smaller dependence on temperature (Fig. 3) . In other words, if the intramembrane oxidation rate constant follows an Arrhenius-type behavior then our recent findings would point to a greater pre-exponential factor and lower activation energy, perhaps due to variations in the physical properties of the Silastic tubing. Accordingly, it is advisable for a new user to validate the system and ascertain that the NO and O 2 delivery parameters are as expected. Alternatively, the observed increase of NO 2 − formation could be related to incomplete exclusion of O 2 from the Teflon-based NO gas line as constructed in the current peripheral tubing system (noted by Skinn et al. [21] ), which may differ from the original experimental setup that was used to determine the boundary layer contribution to NO 2 − synthesis [16] .
Highlights
• We developed a system for controlled delivery of biological relevant levels of NO and O 2 .
• The fabrication, operation and calibration of the delivery system is described.
• The system was applied to deliver controlled steady-state NO and O 2 levels into cell culture media.
• Components of culture media do not to affect the steady-state levels of NO or O 2 in the device. Supplementary Table S2 . Cell viability in TK6 and NH32 cells at 48 h and HCT116 cells at 24 h after exposure to NO and O 2 or argon at 37 °C. Cell viability was determined by MTT assay, as described in Materials and Methods. Data represent mean ± SD for 2-4 experiments; SD values for TK6 and NH32 cells were <8% and are not shown. Table 1 NO and O 2 gas flow parameters for operation of the delivery system with water and culture media. reproduced from earlier studies [16, 17] . No mass transfer coefficients available in the case of delivery of 1% NO at 23 °C.
